Introduction
============

Osteoporotic vertebral compression fracture (OVCF) was a menace to the elderly generation, which caused diminished quality of life due to pain and deformity.[@b1-jpr-11-1905] More than 25% of women aged 50 years and older will have one or more vertebral compression fractures by 2025.[@b2-jpr-11-1905] Percutaneous vertebroplasty (PVP) was a minimally invasive surgical procedure for the management of OVCF.[@b3-jpr-11-1905] It also provided rapid pain relief and stabilization of the fractured vertebral bodies.[@b4-jpr-11-1905] PVP was necessary after the failure of 2--3 weeks of conservative treatment including pain medication and physiotherapy, which had gained popularity as a new treatment of OVCF.[@b5-jpr-11-1905]

PVP was one of the optimal treatments for OVCF, but the matter of surgical approach selection remained controversial. Traditional bilateral PVP was shown to be safe and effective for OVCF.[@b6-jpr-11-1905],[@b7-jpr-11-1905] Nevertheless, it showed increased surgery time and injected cement volume, and the risk of bone cement leakage was twice that of the unilateral approach.[@b8-jpr-11-1905] The unilateral PVP would be an attractive alternative to the traditional bilateral PVP owing to theoretical speed, safety, and lower X-ray irradiation.[@b9-jpr-11-1905] Meanwhile, asymmetric distribution of bone cement leading to spinal instability in the vertebral body by using unilateral technique had been reported in a research.[@b10-jpr-11-1905] For achieving the advantages of both unilateral and bilateral approach, we developed an innovative technique proceeding PVP and compared it with a traditional method.

Methods
=======

Patients
--------

Between January 2016 and April 2016, patients who were diagnosed as monosegmental OVCF were recruited in our study. The inclusion criteria were as follows: 1) tenderness or percussion pain at fractured vertebral body surface in the recent 1 year; 2) vertebrae fracture without any pressure in spinal canal or nerve lesion by X-rays; 3) osteoporosis (diagnosed by bone mineral density \[BMD\], calculated as T value ≤−2.5); 4) intact vertebral posterior wall; 5) new fractures without any other fractures in vertebrae.

The excluding criteria were as follows: 1) patients lost to follow-up; 2) a patient history of previous PVP or percutaneous kyphoplasty; 3) clinical or imaging evidence of metastatic bone tumor or multiple myeloma; 4) complications in endocrine system (such as diabetes, thyroid dysfunction, and so on).

Each patient took physical examinations and spinal radiographs on the day before surgery and 3 months after surgery. The study protocol was approved by the ethics committee of Hong Hui Hospital, Xi'an Jiaotong University, and informed consent was obtained from all patients.

We confirmed that all methods were carried out in accordance with relevant guidelines and regulations of our licensing committee. We confirmed that all experimental protocols were approved by licensing committee of Xi'an HongHui Hospital, and all patients were informed and provided written informed consent. The informed consent for publication of identifying images has been approved by the relevant patient.

Devices composition
-------------------

A series of novel devices were invented for the application of unilateral PVP in the present study. The most important part was vertebral osteotome (VO; [Figure 1A](#f1-jpr-11-1905){ref-type="fig"}). The ending of VO could bend from 0° to 90°, which was helpful to make a curved cavity in the vertebral body. Surgeons could rotate the handle knob at the bottom of the VO to control the bending degrees. It could work better with side-opening injection cannula ([Figure 1B](#f1-jpr-11-1905){ref-type="fig"}). Compared to the traditional ones, there was an opening on the side of our cannula. So, the device had the ability of directional bone cement delivery. The handspike was the instrument that can go through the cannula, which could promote the movement of bone cement in the cannula. Then the bone cement could be injected into vertebral body through the side-opening injection cannula by the cement handspike ([Figure 1C](#f1-jpr-11-1905){ref-type="fig"}). Now the VO and its accessorial devices are commercially used in the hospital.

Surgical procedures
-------------------

The surgery was performed under general anesthesia and unilateral approach. X-ray fluoroscopy was used throughout the whole procedure. A skin incision was made on the pedicle level of the fractured vertebral body. Then the needle and pin were placed via the stab incision. The pin was not removed until it reached 2--3 mm depth of posterior vertebral body wall. Next, a wire pin was fixed into the vertebral body. The needle pipe was removed and a working cannula was constructed. Subsequently, the VO was inserted through the cannula after the wire pin was withdrawn. By using its flexible end, VO could make a curved cavity in the fractured vertebral body. The resulting cavity was filled with polymethylmethacrylate (PMMA) cement, which was injected by cement handspike through the side-opening injection cannula ([Figure 2](#f2-jpr-11-1905){ref-type="fig"}).

Research indexes
----------------

Research indexes included three parts: surgery outcomes, clinical assessment, and radiographic outcomes. All pre- operative and postoperative data were recorded on the day before surgery and 3 months after surgery.

Surgery outcomes: The cement volume, surgical duration, and radiation exposure times were recorded by the operators during the surgery process.

Clinical assessment: It was evaluated using the Oswestry Disability Index (ODI) and the visual analog scale. Both preoperative and postoperative ODI and visual analog score (VAS) were recorded.

Radiographic outcomes: BMD was measured by X-ray radiographic absorptiometry. The restoration rate of vertebral height was calculated as (postoperative vertebral height − preoperative vertebral height)/(predicted primary vertebral height − preoperative vertebral height)\*100%. The predicted primary vertebral height was the mean height of two vertebrae adjacent to the injured vertebra. The improvement of Cobb angle was calculated as follows: (preoperative Cobb angle − postoperative Cobb angle). Cobb angle was measured from the superior endplate of vertebra one level above the fractured vertebra to the inferior endplate of the vertebral one level below the fractured vertebra on the lateral X-ray image. The cement distribution was calculated as the mean ratio of bright areas to the whole fractured vertebra area both in the anteroposterior (AP) and lateral views under X-rays during the surgery ([Figure 3](#f3-jpr-11-1905){ref-type="fig"}). Cement leakage was defined as any presence of extravertebral high cement signal observed by X-ray. Adjacent vertebral fracture postoperatively was defined with any vertebral fracture next to the treated vertebral body.

Statistical analysis
--------------------

Propensity Score Matching (PSM) was used in our analysis. Propensity matched pairs were identified by matching on the following six independent variables: age, sex, preoperative VAS, preoperative ODI, BMI, and BMD. Propensity matching of subjects was performed by the method of nearest distance with a 1:1 ratio ([Figure 4](#f4-jpr-11-1905){ref-type="fig"}). Data were analyzed using the SAS9.1 software (SAS Institute Inc, Cary, NC, USA). Numeric variables were expressed as mean ± SD. Nominal variables were expressed as numbers (percentage). The chi- squared test was used for the univariate analyses of categorical data and the independent *t*-test was used for the univariate analyses of continuous data between the VO group and the control group. The statistical significance was set at *P*\<0.05.

Results
=======

General information
-------------------

A total of 20 men and 43 women with 45 lumber vertebras and 18 thoracic vertebras underwent PVP by VO in our hospital. The mean age of patients was 59.4±10.0 years (45--86 years). BMI and BMD were 22.83±3.16 kg/m^2^ and −3.6±0.7, respectively. After surgery, the VAS decreased from 7.2±1.8 to 2.9±1.5 (*t*=13.855, *P*\<0.001), which indicated an obvious pain relief. The ODI also improved from 54.3±5.1 to 12.4±1.7 (*t*=60.499, *P*\<0.001).

To compare the VO method with the traditional technique method in proceeding surgery, we identified data from records of 550 patients with OVCF who underwent PVP in 2015. Of all 550 patients, 80 patients received a bilateral surgical approach, 67 patients had multisegment OVCFs, 33 patients were lost to follow-up, 18 patients had endocrine system diseases, and six patients were diagnosed with bone tumor and multiple myeloma. There were only 346 patients left in the historical controls. After stratifying and matching, 63 patients in the VO group were paired with 63 patients in the control group. Moreover, there were no statistically significant differences in age, sex, BMI, BMD, preoperative VAS, or ODI between two groups ([Table 1](#t1-jpr-11-1905){ref-type="table"}).

Surgery outcomes comparison
---------------------------

The surgical duration and cement distribution in the VO group were 27.7±5.4 minutes and 0.64±0.20, respectively. They were both larger than that in the control group (*t*=4.391, *P*\<0.001; *t*=7.860, *P*\<0.001). Cement volume in the VO group was less than that in the control group (3.5±0.8 vs 4.0±1.0, *t*=−2.890, *P*=0.005). However, the total time of fluoroscopic radiation exposure in the VO group was 13.4±3.7, which showed no differences with that in the control group ([Table 2](#t2-jpr-11-1905){ref-type="table"}).

Clinical assessment and radiographic outcomes comparison
--------------------------------------------------------

VAS was decreased obviously at 3 months after surgery in each group, whereas postoperative VAS in the VO group was significantly lower than that in the control group (2.9±1.5 vs 4.2±1.5, *t*=−4.823, *P*\<0.001). The postoperative ODI in the VO group was also better than that in the control group (12.4±1.7 vs 19.0±1.9, *t*=−20.534, *P*\<0.001). Besides, the restoration rate of vertebral height in the VO group was higher than that in the control group (45.79±9.46 vs 30.23±16.43, *t*=6.513, *P*\<0.001). The improvement of Cobb angle was 4.08±1.10° in the VO group, which showed no statistically differences with that in the control group.

A total of two patients experienced cement leakage in the follow-up period. The site of leakage was intervertebral disc, but no one had clinical manifestations. Only one patient had an adjacent vertebral fracture in L3 level. The pain disappeared after reoperation. There were no differences in complications between VO group and the control group ([Table 3](#t3-jpr-11-1905){ref-type="table"}).

Discussion
==========

Effects of PVP in treating OVCFs have been demonstrated in many studies.[@b11-jpr-11-1905]--[@b13-jpr-11-1905] It brings the pain relief and normal activities to patients with OVCF. At the same time, problems such as asymmetric distribution of bone cement, refractures after operation, and vertebrae recollapse also exist in traditional PVP method[@b14-jpr-11-1905]. The principal goal of surgery for treating OVCF is to restore the height of fractured vertebral body and to reduce its kyphosis deformity.[@b15-jpr-11-1905] Therefore, the restoration rate of vertebral height was used as radiographic outcomes of PVP in our study. The mechanism behind the restoration of vertebral height during vertebroplasty is probably due to two factors. First, it is a well-known phenomenon in orthopedic literature to experience improvement of fracture height simply by placing the patient prone. Second, the pressure and volume of PMMA cement injected help to preserve positional changes and might restore fracture height.[@b16-jpr-11-1905] The patients with VO had a higher restoration rate of vertebral height than that in the control group. Because the curved tip of VO could reach the inner of vertebral body, bone cement could be injected into the cracks and cavities where the VO could reach. In the traditional method, if we wanted to inject the bone cement into the inner cracks of vertebral body, the only way was improving the injection pressure, which contributed to a more consumption of cement volume, even a new crack in vertebral body or the damage to the posterior wall of the vertebral body, especially in old patients with osteoporosis. Too much cement volume will lead to too much recovery of vertebral height that may increase the tension around vertebral soft tissues and lead to improvement of stress in augmented vertebrae and their adjacent sections, and instability among vertebrae.[@b17-jpr-11-1905] Meanwhile, anterior and posterior height losses are also important signs: this may indicate spinal canal compromise and vertebral collapse in the future.[@b18-jpr-11-1905] To achieve the adequate balanced point of vertebral body, VO could solve this problem.

Several studies had showed that no association was found between the injected cement volume and pain relief.[@b19-jpr-11-1905],[@b20-jpr-11-1905] On the contrary, it was associated with an increased risk of complications. A clinical study on the relationship between the volumetric analysis of cement in vertebroplasty with clinical outcome and complications showed that a volume larger than 11.65% led to a significantly increased incidence of leakage and adjacent fractures.[@b21-jpr-11-1905] An in vivo study following PVP showed that for restoration of vertebral body strength and stiffness, vertebral body cement filling degrees of 16% and 30% were required, respectively.[@b22-jpr-11-1905] Interestingly, although VO creates a cavity in the vertebral body, cement volume is less by the use of our new instrument. The only explanation is the less injection pressure used by VO. To achieve a better surgical effect, a uniform diffusion of bone cement in vertebral body is required.[@b23-jpr-11-1905] In the traditional method, cannula is fixed in the vertebral body. Diffusion of bone cement can be controlled by the injection pressure. VO has already reduced the resistance of vertebral body to bone cement. Although, no essays have demonstrated that high injection pressure would contribute to more volume of bone cement. In our study, the volume of bone cement in the VO group was less than that in the control group. The cavity made by VO does not mean more consumption of bone cement. On the contrary, traditional method with high injection pressure makes itself a cost of bone cement. Since minimal required cement volume for both pain relief and restoration of mechanical properties is recommended. It indicates that VO is a safe device.

Except for cement volume, cement distribution is also an important indicator of operative complications and postoperative recovery. Zhang et al found that patients with bone cement distributed around both the upper and lower endplates had the lowest rate of experiencing recompression compared to other patterns of bone cement distribution.[@b24-jpr-11-1905] Previous studies showed that a larger bone--cement interface would achieve a relatively higher vertebral strength and reduce leakage rate.[@b25-jpr-11-1905] It was suggested that the cement should spread through the vertebral body in a controlled manner that appeared fluoroscopically as a "uniformly expanding cloud"[@b26-jpr-11-1905]. Insufficient cement distribution in the fractured area might lead to unrelieved pain after PVP. An asymmetrical cement distribution around fractured area was more likely to induce recollapse of augmented vertebrae because they increased maximum von Mises stress in the cancellous bone and cortical bone significantly.[@b27-jpr-11-1905] In the present study, we used the mean ratio of bright areas to the whole vertebra area both in the AP and lateral views under X-rays as the measurement of cement distribution. It showed that when the cement volume is constant, the more extensive the cement distribution is, the better the surgery outcomes are.[@b28-jpr-11-1905] The same indexes were used in this study. The cement distribution in the VO group was larger than that in the control group. Although the relationship between the cement distribution and pain relief was not explored, the lower VAS and ODI demonstrated the better recovery by VO method.

The end of VO had the ability of creating large curvature so that it could not destroy posterior vertebral wall even with much force. To reduce the leakage during PVP, injected cement should be kept away from posterior vertebral wall. Depression of the thoracolumbar posterior vertebral wall might be informative for the estimation of cement location on C-arm images.[@b29-jpr-11-1905] Our new device VO with side-opening cannula is operated in the unilateral approach. The cannula ensures the directional transport of bone cement and reduces its impact force to the posterior vertebral wall. There is no significant difference in cement leakage between the VO group and the traditional method group, which indicates that VO will not increase the risk of cement leakage.

Limitations
===========

The main limitations of our study are relatively small sample size and short follow-up period. However, we performed PSM method to compensate for the size shortcoming. It is still meaningful in finding the characteristics and advantages of VO.

Conclusion
==========

The VO device with side-opening bone filler device makes PVP safe and effective, with less cement consumption. Although it lasts longer, the restoration rate of vertebral height and cement distribution can be improved, which contributes to a better pain relief.
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![The physical diagram of novel devices in our study.\
**Note:** The new instruments include vertebral osteotome (**A**), side-opening bone filler device (**B**), and bone cement handspike (**C**).](jpr-11-1905Fig1){#f1-jpr-11-1905}

![The actual operation chart of VO with side-opening bone filler device in surgical procedures.\
**Notes:** VO was inserted through cannula both in the lateral (**A**) and anteroposterior view (**B**). VO bent to 90° in the fractured vertebral body both in the lateral (**C**) and anteroposterior view (**D**). Cement was injected through the side-opening bone filler device both in the lateral (**E**) and anteroposterior view (**F**).\
**Abbreviation:** VO, vertebral osteotome.](jpr-11-1905Fig2){#f2-jpr-11-1905}

![Measurement of cement distribution.\
**Notes:** We selected the portion of fractured vertebra in the picture and put it into a new 15\*15 cm transparent layer. The layer was divided by a number of the same sized squares. The area of each square was 0.25 mm^2^. Different brightness areas were selected by the software automatically. The green line meant vertebral border and the red line meant cement border. If the selected area was more than half the whole square, the area was calculated as 1. Otherwise, it was 0. Then the ratio of cement area to vertebral cross-sectional area was estimated. From the picture we can see that the cement distributions were 105/307 and 88/269 in the anteroposterior and lateral views, respectively. So the total cement distribution was 66.92%.](jpr-11-1905Fig3){#f3-jpr-11-1905}

![Flow diagram of study.\
**Abbreviations:** OVCFs, osteoporotic vertebral compression fractures; PVP, percutaneous vertebroplasty; VO, vertebral osteotome.](jpr-11-1905Fig4){#f4-jpr-11-1905}

###### 

The comparison of baseline characteristics between two groups

  Characteristics    VO group (n=63)   Control group (n=63)   *P*-value
  ------------------ ----------------- ---------------------- -----------
  Sex (male)         20 (31.7%)        29 (46.0%)             0.100
  Age (years)        59.4±10.0         59.2±5.1               0.877
  BMI (kg/m^2^)      22.83±3.16        22.96±3.12             0.818
  BMD (T value)      −3.6±0.7          −3.4±0.6               0.274
  Preoperative VAS   7.2±1.8           7.2±1.9                0.931
  Preoperative ODI   54.3±5.1          53.2±4.5               0.196

**Abbreviations:** BMD, bone mineral density; BMI, body mass index; ODI, Oswestry Disability Index; VAS, visual analog score; VO, vertebral osteotome.

###### 

The comparison of surgery outcomes between two groups

  Surgery indexes                Vertebral osteotome group (n=63)   Control group (n=63)   *P*-value
  ------------------------------ ---------------------------------- ---------------------- -----------
  Surgical duration (minutes)    27.7±5.4                           24.2±3.2               \<0.001
  Cement volume (mL)             3.5±0.8                            4.0±1.0                0.005
  Radiation exposure times (s)   13.4±3.7                           12.6±4.2               0.249
  Cement distribution (%)        0.64±0.20                          0.42±0.10              \<0.001

###### 

The comparison of clinical assessment and radiographic outcomes between two groups

  Clinical assessment and radiographic outcomes   VO group (n=63)   Control group (n=63)   *P*-value
  ----------------------------------------------- ----------------- ---------------------- -----------
  Postoperative VAS                               2.9±1.5           4.2±1.5                \<0.001
  Postoperative ODI                               12.4±1.7          19.0±1.9               \<0.001
  Improvement of Cobb angle (°)                   4.08±1.10         3.98±1.44              0.685
  Restoration rate of vertebral height (%)        45.79±9.46        30.23±16.43            \<0.001
  Cement leakage                                  2 (3.2%)          5 (7.9%)               0.243
  Adjacent vertebral fracture                     1 (1.6%)          3 (4.8%)               0.310

**Abbreviations:** ODI, Oswestry Disability Index; VAS, visual analog score; VO, vertebral osteotome.
